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diversity of life history strategies and are thus good models for understanding how life history strategies
interact with novel environments to promote or hinder the dynamic processes of invasion. In order to
determine how life history strategies affect the evolution of a population during invasion, we studied a
population of Trypanosoma cruzi – a protozoan parasite and causative agent of Chagas disease in
humans – in the city of Arequipa in southern Peru. To estimate population structure and evolutionary
history, we sequenced and assembled 133 T. cruzi genomes collected throughout Arequipa (N=123) and
South America, and performed phylogenetic and population genetic analyses. We found that (1) the
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reproduction by showing that this population regularly underwent meiosis and fertilization as the it
expanded throughout the city, but that exclusive inbreeding resulted in a clonal population structure. As
urbanization increases worldwide, it is important to understand how life history strategies affect the
invasion of urban environments.
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ABSTRACT
DISPERSAL PATTERNS AND REPRODUCTIVE STRATEGIES OF TRYPANOSOMA
CRUZI IN AN URBAN ENVIRONMENT
Alexander Scott Berry
Dustin Brisson
Interactions with novel environments result in both population extinctions and
explosions, depending on life history strategies, ecological circumstances and historical
contingencies. Understanding how populations interact with novel environments is more
important now than ever because of the rapid increase in anthropogenic environmental
alterations. While many native populations perish during urbanization, other populations
successfully invade and thrive in these novel environments including many pests and
pathogens that are detrimental to human health and economy. Pathogens contain a
diversity of life history strategies and are thus good models for understanding how life
history strategies interact with novel environments to promote or hinder the dynamic
processes of invasion. In order to determine how life history strategies affect the
evolution of a population during invasion, we studied a population of Trypanosoma cruzi
– a protozoan parasite and causative agent of Chagas disease in humans – in the city of
Arequipa in southern Peru. To estimate population structure and evolutionary history, we
sequenced and assembled 133 T. cruzi genomes collected throughout Arequipa (N=123)
and South America, and performed phylogenetic and population genetic analyses. We
found that (1) the extant T. cruzi population in Arequipa was founded by a single
introduction; (2) T. cruzi readily disperses between houses in a city block, but rarely
disperses between blocks; (3) We resolve an apparent contradiction between the
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perceived clonal population structure of T. cruzi and its capacity for sexual reproduction
by showing that this population regularly underwent meiosis and fertilization as the it
expanded throughout the city, but that exclusive inbreeding resulted in a clonal
population structure. As urbanization increases worldwide, it is important to understand
how life history strategies affect the invasion of urban environments.
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INTRODUCTION
Interactions with novel environments results in both population extinctions and
explosions, depending on ecological circumstances and historical contingencies. While
there is no one set of rules that governs the dynamics of populations that enter a novel
environment, several common themes reappear. Among these: ecological release
(whereby a population rapidly expands in a new environment, unrestrained by previous
growth restrictions) (Keane & Crawley 2002; Colautti et al. 2004; Bolnick et al. 2010),
extinction due to inhospitable abiotic (e.g. altitude and temperature) or biotic (e.g. new
competitors, predators, or pathogens) factors (Tilman et al. 2004; Hilker et al. 2005;
Herborg et al. 2007), and establishment in areas that resemble a prior niche (Williamson
1996; Sax & Brown 2000; Mata et al. 2013)
The urban environment is becoming one of the most common environments in the
world (Seto et al. 2012). Many populations are forced to interact with these novel habitats
(Seto et al. 2011); some thrive while many perish (Hahs et al. 2009; Beninde et al. 2015).
The ascendance of urban ecology will lead to an understanding of how populations
interact with novel urban environments. One set of species that are important in these
environments are pathogens of humans or human-domesticated species (Alirol et al.
2011; Hassell et al. 2017). The structure of human-constructed environments is unique
and can provide both opportunities and hindrances for the migration, establishment, and
dispersal of pathogens. For example, pathogens can rapidly disperse through cities and
among cities due to the densities of hosts and the ease of human movement within and
among these environments (Patz et al. 2004; Bradley & Altizer 2007; Rosenthal et al.
2008; Nelson et al. 2011) . Examples of such dispersal includes the rapid spread of Zika
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virus among humans in Rio de Janerio, Brazil, followed by its spread across the Americas
likely facilitated by human travel via aircraft (Faria et al. 2016; Metsky et al. 2017).
Pathogens contain a diversity of life history strategies and are thus good models for
understanding how life history strategies interact with novel environments to promote or
hinder the dynamic processes of invasion (Barrett et al. 2008). Some hypotheses
predicting how life history strategies augment the success of migration, colonization,
establishment, and dispersal in novel environments include: (1) Invasion success may
depend on the timing of urbanization if recently-built habitats are more hospitable or if
transmission is more probable. (2) An increase in density of susceptible hosts within a
local habitat may reduce dispersal by disincentivizing migration. (3) An increase in
density of pathogens or vectors may increase dispersal if the carrying capacity of a local
habitat is reached. In the following three chapters, analyses of how life history strategies
affect patterns of invasion in urban environments will focus primarily on a population of
the protozoan parasite Trypanosoma cruzi—the causative agent of Chagas disease-- in
the city of Arequipa, Peru.
Arequipa, Peru is an ideal model for which to study patterns of invasion in urban
environments because it is a recently-urbanized, well-characterized environment that
underwent a recently-controlled epidemic of T. cruzi (Bowman et al. 2008; Bayer et al.
2009; Hunter et al. 2012; Levy et al. 2014). The Chagas disease system in Arequipa
provides a good model for studying the processes of invasion, establishment, and
dispersal because the low rate of T. cruzi transmission between insect vector and
mammalian host causes invasion processes to occur on timescales that can be measured
using realistic sampling strategies. The following three chapters will investigate how life
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history strategies affect the dynamic process of invasion. Chapter One will describe how
life history strategies interact with ecological and historical factors when migrating to and
colonizing a new environment. Chapter Two will explore how life history strategies
interact with local habitats to facilitate or hinder dispersal between and among recentlycolonized urban habitats. Chapter Three will describe how reproductive strategy affects
the generation of diversity as populations expand.
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CHAPTER 1: Invasion of urban environments by the Chagas
disease agent, Trypanosoma cruzi
Abstract
Human altered habitats cause indelible changes to biological communities. While many
native species suffer in the novel habitats, migrant species can immigrate and establish
robust populations. The dynamic ecological interactions impacting immigration and
initial establishment of foreign species in these human-altered environments are pivotal
to both the conservation of native species and for the control of pest species with negative
effects on human health and economy. The repeated emergence of disease systems in
urban areas worldwide highlights the importance of understanding these dynamic
processes in the current and future distribution and abundance of disease-causing
microbes in urban environments. In this study, we examine the pattern of invasion of
Trypanosoma cruzi—the causative agent of human Chagas disease— in Arequipa, Peru.
Phylogenetic analyses of 136 T. cruzi isolates from Arequipa and other South American
locations suggest that only one T. cruzi immigrant established a population in vectors in
Arequipa as all extant isolates form a recent monophyletic group within the broader
South American phylogeny. We discuss several hypotheses that may explain the limited
establishment of T. cruzi despite multiple introductions of the parasite.
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Introduction
Anthropogenic habitat alterations have transformed biological communities
worldwide (McKinney 2002; Foley et al. 2005; Seto et al. 2012). The distribution and
abundance of many species facing dynamic environments depends upon their interactions
with novel environmental features during immigration and the establishment of a
growing population (Theoharides & Dukes 2007). Although many species fail to
establish thriving populations in human altered habitats, many others are well-suited to
prosper in these novel environments. For example, populations of many plant (Kowarik
1995; Hahs et al. 2009; Aronson et al. 2014), insect (Denys & Schmidt 1998, McIntyre
2000; Deguines et al. 2016; New 2018), mammal (Mackin-Rogalska et al. 1988; Pekin &
Pijanowski 2012), and bird (Blair 2001; Strohbach et al. 2009) species are severely
diminished or suffer local extinctions in urban environments (McKinney 2002) while
several microbial species benefit from the abundance of humans and human-associated
hosts or vectors (Alirol et al. 2011). Although conservation efforts have focused on the
impacts of local and global extinctions, establishment or growth of disease-causing
microbe populations can negatively impact human health and economy as well as the
populations of native flora and fauna (Crowl et al. 2008). Mitigating the rate or impacts
of invasion of disease-causing microbes is best accomplished through empirical
investigations of the dynamic processes of immigration and establishment as these
processes occur. The regularity at which disease systems are emerging in many urban and
urbanizing areas underscores the importance of understanding how disease-causing
microbes migrate to, and establish in, urban environments (Alirol et al. 2011). In this
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study, we examine the patterns of invasion of Trypanosoma cruzi—the causative agent of
Chagas disease in humans— into the city of Arequipa, Peru.
Invasion of a new environment by a pathogen occurs in three stages: (1) immigration,
or the transport of an individual to the new environment; (2) establishment of a
population via reproduction and population growth; and (3) local dispersal or spread
(Theoharides & Dukes 2007). Many studies focusing on the outbreaks of disease systems
in urban areas have resulted in a wealth of knowledge concerning factors affecting
population growth (Deplazes et al. 2004; Bradley & Altizer 2007) and considerable
progress in understanding local dispersal (Harrington et al. 2005). For example, prior
studies established that human-created containers increase the abundance of standing
water that provide breeding habitats for the mosquitos that spread dengue virus (Adalja et
al. 2012). Relatively few studies, by contrast, have investigated the early stages of
invasion including the immigration and colonization processes in urban environments due
to the practical difficulties of collecting the necessary data before a pest species is
established. With the worldwide increase in urban habitats, it is necessary to understand
the colonization process including factors affecting immigration rates and probabilities of
establishment in new urban environments. Identifying species characteristics and
environmental features that promote or impede immigration or establishment is necessary
to estimate the distribution and abundance of populations in an increasingly urban world.
The Chagas disease system in Arequipa, Peru, provides an ideal system in which to
study the early invasion processes in urban environments. Recent urbanization in
Arequipa has permitted the colonization and population growth of T. cruzi (Levy et al.
2014). T. cruzi is propagated among domestic animals and humans in the city by its
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primary insect vector, Triatoma infestans (Levy et al. 2006, 2007, 2011; Bowman et al.
2008; Hunter et al. 2012; Foley et al. 2013). Here, we performed phylogenetic analyses
of maxicircle DNA, a non-recombining circular element analogous to mitochondrial
DNA, to estimate the number of independent T. cruzi colonization events in Arequipa
and to estimate the timing of each colonization event. We assessed whether extant T.
cruzi in Arequipa form a single monophyletic clade, indicative of the establishment of a
single immigration event, or multiple diverse clades, indicative of multiple independent
immigration and establishment events. The results suggest that all analyzed T. cruzi
isolates are descendants of a single common ancestor that established a population in
Arequipa in the very recent past.

Methods
Sample collection
DNA from 133 T. cruzi isolates collected over 7 years (2008 to 2015) were analyzed
to determine the phylogenetic relationships among samples (Fig 1 and 2). The majority of
samples were isolated from T. infestans bugs collected from houses throughout Arequipa
(N=114). Three of these samples were obtained using xenodiagnosis as described in
Chiari & Galvão (1997). An additional ten samples from Arequipa were isolated from the
blood of guinea pigs (N=7), dogs (N=2), and a human (N=1). Six isolates were derived
from Panstrongylus lignarius (N=5) - known in Peru as P. herreri (Cáceres et al. 2002) and one guinea pig (N=1) collected in the small towns of La Esperanza, Campo Florido,
and Naranjal in northern Peru (Alroy et al. 2015). Cultures of three previously
established strains isolated from humans in Bolivia (Bol-SH001 and Bol-DH29) and São
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Paulo, Brazil (TC-y) were provided by the Infectious Diseases Research Laboratory at
Universidad Peruana Cayetano Heredia (Fig 2).
T. cruzi was isolated from vectors and vertebrates using an adaptation of an artificial
feeding system that was originally described in Harington (1960). Briefly, each blood
sample was collected with citrate-phosphate-dextrose, transferred into a small plastic jar,
and covered with a latex membrane fitted tightly with a rubber band. The jars were
placed into an incubator and gradually heated to 35° C. Once the temperature was
reached, the jars were inverted to allow uninfected T. infestans to feed through the
membrane for 15 minutes. T. cruzi from all 114 naturally-infected T. infestans, five
naturally-infected P. lignarius, and the eight laboratory-infected T. infestans were
passaged through guinea pigs or mice in order to avoid isolating other microbes present
in the vector, as described in Castillo-Neyra et al. (2016). Feces from infected vectors
were injected into guinea pigs or mice and T. cruzi was isolated from the blood of each
experimentally-infected mammal. T. cruzi were directly isolated in LIT culture media
from the blood samples of three naturally-infected guinea pigs collected in Arequipa
without passage through T. infestans.
Reference sequences of three T. cruzi isolates obtained from NCBI database were
used in subsequent analyses: Silvio, isolated from a human in Para State, Brazil;
Esmeraldo, isolated from a human in Bahia State, Brazil; and CL Brener, isolated from a
human in Rio Grande, Brazil (Geer et al. 2009) (Fig 2).
Sequencing
DNA from all laboratory cultures was extracted using Qiagen DNEasy DNA Purification
Kit. 150bp single-end read libraries were prepared using TruSeq Nano kit and sequenced
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to an average depth of >50X using Illumina’s NextSeq500. Six T. cruzi isolates were
prepared in duplicate, and one in triplicate, to allow estimation of sequencing error. Low
quality bases were trimmed from raw reads using trimmomatic-0.32 (Bolger et al. 2014).
Sequence assembly
Bowtie2 (Langmead & Salzberg, 2012) was used to assemble maxicircle sequences to the
most closely related reference sequence, Silvio (gi|225217165|gb|FJ203996.1), obtained
from NCBI (Geer et al. 2009). Duplicate reads were removed from the assembly using
Picard’s MarkDuplicates functionality (McKenna et al. 2010). The assembly had an
average depth of >600X across all maxicircles. Maxicircle consensus sequences were
determined using VarScan (Koboldt et al. 2009), ensuring highly-confident base calls by
requiring a 60% match to call each SNP.
Maxicircle alignment
All assembled maxicircle sequences and the reference were aligned to the Silvio partial
maxicircle sequence (gi|225217165|gb|FJ203996.1|), Esmeraldo strain complete
maxicircle (gi|85718082|gb|DQ343646.1), and the CL Brener complete maxicircle
(gi|85718081|gb|DQ343645.1) downloaded from the NCBI database. The sequences were
aligned using MUSCLE as implemented in MEGA7 (Kumar et al. 2016). The ends were
trimmed so that all sequences started and ended on the same nucleotide, resulting in a
final alignment of 15357bp.
Phylogenetic analyses
Phylogenetic analyses of the 15357bp maxicircle sequence from all samples and
reference strains were performed using BEAST 1.8.4 (Drummond et al. 2012).
Phylogenetic analyses assumed a model of sequence evolution in which the rates of
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AàT, CàG, and GàT are equal (123343) with γ-distributed rate heterogeneity. An
Extended Bayesian Skyline tree prior (Heled & Drummond, 2008) with constant
evolutionary rates across lineages (strict clock) was chosen based on BEAST Model Test
implemented in BEAST2 (Bouckaert et al. 2014). Starting with a UPGMA tree and
running one Markov chain Monte-Carlo chain for each of five independent runs of 20
million iterations sampling every 2000 iterations ensured sufficient mixing after a 10%
burn-in (ESS values >200 in Tracer v1.6.0) (Rambaut et al. 2018). Tree files were
combined using LogCombiner1.8.4, excluding a 10% burn-in for each. A Maximum
Clade Credibility tree was generated from the combined tree file using TreeAnnotator
1.8.4 and FigTreev1.4.2 was used to visualize tree files (available at
http://beast.bio.ed.ac.uk). Phylogenetic analyses were performed using the BEAGLE
library to increase computation speed (Suchard & Rambaut, 2009; Ayres et al. 2011).
Statistical Analyses
The metrics of population genetic variation, π and θ, were calculated using MEGA7
(Kumar et al. 2016). Assuming the sample from 123 infected T. infestans is
representative of the T. cruzi population in vectors in Arequipa, the probability that a
distinct lineage representing an independent establishment event could be co-circulating,
but not detected by chance, can be calculated using a binomial distribution. The minor
lineage must constitute less than 2.41% of the total population in order for there to be a
statistically significant chance that a distinct lineage was not detected in any of 123
observations.
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Results
The maxicircle sequence is a useful tool for population genetics and phylogenetics
analyses because it is conserved between diverse T. cruzi lineages and it likely nonrecombining (Gaunt et al 2003). While there is substantial maxicircle sequence diversity
among samples across South America, there is little diversity among samples from
Arequipa. Over 13% (2055/15367bp) of the maxicircle sites were polymorphic among all
136 samples while only 16 sites were polymorphic (0.1%) among the 123 samples
collected within Arequipa (Table 1). Similarly, estimates of diversity among the samples
from Arequipa derived from population genetic statistics were substantially lower than
the total diversity across all samples (π=6.8*10-5 vs 8.18*10-3; θ=1.93*10-4 vs 2.44*10-2;
average pairwise distance 1.04 vs 126). In contrast to the limited genetic diversity within
Arequipa, other locales from which multiple isolates were sampled contain considerably
greater diversity despite considerably fewer samples (Fig 3).
The monophyletic group containing all 123 samples derived from T. infestans and
domestic animals collected in Arequipa coalesce in the very recent past, despite
collection sites extending throughout Arequipa and surrounding towns (Fig 3). One
sample derived from an infected human in Arequipa (Fig 3C) belongs to a distant lineage
from the other samples in Arequipa and is closely related to samples collected in Rio
Grande, Brazil, suggesting that T. cruzi can immigrate to Arequipa but this lineage has
yet to establish in the vector population (Fig 3). The population size of such a second,
unsampled T. cruzi lineage – if present in T. infestans – must be at least 42 times smaller
than the dominant population in Arequipa to have remained undetected by chance
(p<0.05).
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In contrast to the monophyletic ancestry found in Arequipa, genetic diversity was
apparent in the samples from other regions investigated here, despite limited sampling.
Genetic diversity metrics among samples collected La Esperanza, Peru, a town of 57
houses, (π=4.18*10-2; θ=4.18*10-2) are much larger than those in Arequipa despite
limited sampling (n=3)(Alroy et al. 2015). There is no statistical correlation between
genetic relatedness and geographic distance among South American samples, despite
sampling across South America (Table 2). For example, while proximal towns La
Esperanza and Campo Florido, Peru have closely related T. cruzi, isolates from cities
around Brazil encompass nearly the total genetic diversity.

Discussion
The invasion of human-altered environments by non-native species impacts the
population health of native species as well as the human health and economies.
Investigation of the dynamic process of immigration and establishment of non-native
species into these rapidly expanding environments has the potential to mitigate the
impacts of pests and pathogens that are detrimental to human populations as well as
agricultural and native species (Crowl et al. 2008).
The analyses presented here suggest that the population of T. cruzi responsible for the
recent, now controlled, epidemic, descended from a single recent invasion of Arequipa,
Peru. This conclusion is supported by the extremely limited genetic diversity among T.
cruzi isolates sampled within and around the city despite considerable genetic diversity
observed regionally (Table 1; Fig 1). Several non-exclusive hypotheses may explain these
results, including that the low probability of establishing a population in Arequipa is due
to a low immigration rate; that immigrants rarely establish populations as a result of the
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low transmission rate between hosts and vectors; and that there is a high replacement rate
among lineages of T. cruzi.
Successful invasion of a novel geographic area is a function of the rate of
immigration, the temporal duration that a habitat has been suitable for establishment, and
the probability that an immigrant establishes a population. The influx of humans into
Arequipa over the last ~60 years of urbanization and economic growth (Pedersen et al.
2008; Levy et al. 2014) has provided many opportunities for T. cruzi immigration.
However, many human immigrants moved to locations in the city without established T.
infestans populations (Bayer et al. 2009; Levy et al. 2014), which could have resulted in
few opportunities for T. cruzi transmission from infected immigrant humans to their
insect vector. Further, many people immigrating to Arequipa came from areas, such as
the neighboring regions of Puno and Cusco, that are outside of the range of T. infestans
(Bayer et al. 2009). A low probability of population establishment due to limited contact
between T. infestans and infected immigrant humans is consistent with the observation of
only a single established T. cruzi lineage in vectors in Arequipa.
Prior studies suggest that the majority of immigrants from most species that reach a
novel geographic area fail to establish due to both inhospitable local environmental
conditions (McKinney 2002; Thomas 2011) and stochasticity (Pitelka & Plant Migration
Workshop Group 1997; Lockwood et al. 2005). Environmental factors that can reduce
establishment probabilities include unfavorable abiotic conditions, limited food resources
or vectors, or an abundance of predators or competitors. The establishment probability of
immigrant T. cruzi in an urban environment is likely depressed by a low transmission rate
from infected humans to vectors (Gürtler et al. 1998; Cohen & Gürtler 2001; Gürtler et
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al. 2007; Llewellyn et al. 2009b). However, given a sizeable vector population, a longliving infected human is likely to transmit the parasite to a bug. Subsequent transmission
of T. cruzi to a new host by a single infected vector is unlikely because of the low
transmission rate (Rabinovich et al. 1990; Cohen & Gürtler 2001; Nouvellet et al. 2013).
Thus, the low human-to-vector and subsequent vector-to-host transmission rates reduce
the probability that a T. cruzi lineage that has immigrated to Arequipa will establish a
population.
The data suggest that multiple T. cruzi lineages have immigrated to Arequipa in the
recent past with all but one failing to transmit sufficiently to establish a population. This
hypothesis is supported by the apparent immigration of a genetically distinct T. cruzi
sample derived from an infected human at a hospital in Arequipa (Fig 3C) that has yet to
establish a population in Arequipa. The potential for identifying additional lineages was
hindered by our inability to collect samples from multiple humans. The presence of
detectable immigration suggests that the low establishment probability is a key factor
affecting the limited invasion of Arequipa and other location.
The observed establishment probability is likely independent of competition.
Competitive exclusion—where an existing population prevents the invasion of new
immigrants—appears unlikely as the majority of city blocks do not contain T. cruzi (Levy
et al. 2014; Levy et al. 2015) despite substantial vector populations (Billig 2017). Under
the competitive exclusion hypothesis, we might expect different T. cruzi lineages
establishing in different areas of the city.
The limited genetic diversity within Arequipa could be the result of a recent replacement
of a previously dominant lineage through natural population processes. While the
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continuous substitution of a dominant strain through natural selection or drift is common
in well-mixed populations, geographic structure within populations tends to result in the
persistence of genetically diverse subpopulations (Kerr et al. 2002). For example,
multiple T. cruzi lineages can co-circulate within the same locality (Oliveira et al. 1998;
Higo et al. 2004; Llewellyn et al. 2009a; Llewellyn et al. 2009b; Curtis-Robles et al.
2017; Hodo et al. 2018), as seen in the samples sequenced here from La Esperanza (Fig
3), and even within the same host (Perez et al. 2014; Dumonteil et al. 2018). The absence
of samples deriving from a previously established T. cruzi lineage in the fragmented
urban and inter-district landscapes, much of which contains an active vector population
but no T. cruzi, is suggestive that no previous populations dominated this area.
Additionally, no minor sub-population circulating in the bug population was detected
despite the temporal range of samples in our dataset (7 years).
In conclusion, all relevant data suggest that the vast majority, if not all, of T. cruzi
circulating in vector populations prior to the recently-controlled epidemic in the city of
Arequipa descended from a single immigrant. The fact that one strain found in a human
patient was unrelated to this lineage suggests that T. cruzi may regularly immigrate to the
city but that immigrants rarely establish growing populations. The limited genetic
diversity, coupled with limited gene flow into the city, could limit the phenotypic
diversity that results in variable effectiveness of treatment options and diagnoses
(Revollo et al. 1998; Veloso et al. 2001). However, a potential downside of the limited
diversity is that many currently available diagnostics may be ineffective against the local
lineage (Longhi et al. 2012; Abras et al. 2016) as seen in Arequipa (Verani et al. 2009). It
may be necessary to use locally-optimized diagnostics in endemic regions, which
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highlights the difficulties in diagnosing T. cruzi infection in immigrants to non-endemic
countries such as the United States.
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Figures and Tables
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Figure 1. Spatial distribution of samples collected in (A) Arequipa, Peru and (B)
South America. (A) The names of ten districts from which T. cruzi samples were
collected are labeled. Houses from which isolates were collected are represented by red
dots. Lines represent major roadways. Densely populated areas appear grey due to the
density of roads. (B) The sites where isolates were collected are represented by blue dots.
Sequences obtained from NCBI database are represented by red dots.
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Total Samples
136

Arequipa
124
Non-human
123
Dog
2

Guinea Pig
7

Non-Arequipa
12
Human
1
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114
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6
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NCBI
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Brazil
1
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1
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Figure 2. Number of samples collected from each host species per location. Most
samples (N=124) were collected in Arequipa and 6 from small towns in northern Peru. 3
isolates were provided by the Infectious Diseases Research Laboratory at Universidad
Peruana Cayetano Heredia. Maxicircle sequences for 3 T. cruzi lineages were
downloaded from the NCBI database.
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Table 1. Population Genetic Statistics.
Average
Segregating
Pairwise

π

θ
Sites

Distance
All samples (n=136)

126

8.18*10-3

2.44*10-2

2055

Arequipa (n=123)

1.04

6.80*10-5

1.93*10-4

16

South America (n=13)

728

4.73*10-2

4.24*10-2

2022

La Esperanza (n=3)

643

4.18*10-2

4.18*10-2

964
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Bahia State, Brazil

Esmeraldo_maxicircle

São Paulo, Brazil

TCy_to_Silvio_maxi

(C)Arequipa, Peru-Human

TC050_to_Silvio_maxi

Rio Grande, Brazil
(B) La Esperanza, Campo
Florido, Naranjal, Peru
Bolivia

CLBrener_maxicircle

TCViera_to_Silvio_maxi

Bolivia

TCDH29_to_Silvio_maxi

(A)Arequipa, Peru
La Esperanza, Peru

TC059_to_Silvio_maxi

La Esperanza, Peru

TC060_to_Silvio_maxi

Para State, Brazil

Silvio_maxicircle_partial

100 SNPs
230769.0

Figure 3. The extant T. cruzi population in Arequipa arose from a single, recent
introduction. Maximum clade credibility (MCC) tree shows that (A) all 123 T. cruzi
isolated from bugs and domestic mammals in Arequipa form a monophyletic clade with a
single, recent common ancestor, indicative of a single immigration event in the recent
past. Despite substantial genetic diversity among T. cruzi throughout South America,
those collected in Arequipa show little diversity. (B) Three samples collected in Campo
Florido and Naranjal, Peru and one sample from La Esperanza, Peru have nearly identical
maxicircle sequences and form a monophyletic clade. La Esperanza, Peru contains at
least two distinct T. cruzi lineages, suggesting multiple independent introductions. (C)
The only T. cruzi sample isolated from a human in Arequipa is distinct from all other
samples from Arequipa, suggesting that this introduction has not colonized the city. All
tips represent a single sample except (A) (N=123) and (B) (N=4). All nodes have strong
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support (posterior probability≥0.99). Nodes are collapsed when the samples contained
have nearly identical maxicircle sequences.
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Table 2. Distance matrix showing average pairwise SNP distance between samples
(bottom triangle) and Euclidean distance between sample collection locations (top
triangle).
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(A) 123 samples isolated from bugs, dogs, and guinea pigs in Arequipa are represented
here.
(B) 4 samples collected in Campo Florido, Naranjal, and La Esperanza are represented
here. Euclidean distances (top triangle) are displayed for Santa Cruz.
(C) The only sample isolated from a human in Arequipa is represented here.
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CHAPTER 2: Dispersal patterns of Trypanosoma cruzi
through an urban landscape
Abstract
Anthropogenic alteration of natural habitats through the process of urbanization threatens
thousands of species with both local and global extinction. Urbanization also creates
novel environments that allow some species, including many human pests and pathogens,
to thrive. Elucidating patterns of establishment and dispersal in urban environments may
guide efforts to control the spread of pests and pathogens. Trypanosoma cruzi, a
protozoan parasite and the causative agent of Chagas disease in humans, and its insect
vector Triatoma infestans have spread through the city of Arequipa, Peru. Here, we use T.
cruzi as a model to elucidate patterns of establishment and dispersal in urban ecosystems.
We sequenced whole genomes of 123 T. cruzi isolates collected throughout 10 districts in
and around the city of Arequipa, Peru. We used population genomic and phylogenomic
tools to determine patterns of T. cruzi dispersal throughout Arequipa. The data show
significant population structure within city blocks such that parasites in the same block
tend to be very closely related, but no population structure among blocks within districts,
such that parasites in neighboring blocks are no more closely related to one another than
to parasites in distant districts. These data suggest that T. cruzi dispersal within a block
occurs regularly and that occasional long-range dispersal events allow the establishment
of new T. cruzi populations in distant blocks. Movement of humans and domestic animals
may be the primary mechanism of longer-distance T. cruzi dispersal in the city. As the
number and size of urban environments increase globally, it is more important than ever
to understand the dispersal dynamics of pests and pathogens.
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Introduction
Human activities have resulted in major changes to biological communities
worldwide (McKinney 2002; Foley et al. 2005; Seta et al. 2012). Anthropogenic
alteration of natural habitats threatens thousands of species with both local and global
extinction (McKinney 2002). Anthropogenic alteration can also create novel
environments that can be successfully exploited by numerous species including many
human pests and pathogens. Understanding how life history traits interact with features of
human altered ecosystems to facilitate or hinder the proliferation of populations is
imperative for both conservation of biodiversity and for efforts to control human pests
and pathogens that prosper in urban environments. Proliferation in an ecosystem is
accomplished by immigration to a new habitat, establishment (reproduction and
population growth), and dispersal to new habits within the ecosystem (Theoharides &
Dukes 2007). Investigations into the dynamic processes of immigration, establishment,
and dispersal of disease-causing agents in urban ecosystems are particularly important for
public health risk management because the distribution and abundance of these pest
species is correlated with the incidence of disease in humans (Alirol et al. 2011).
Identifying environmental features that facilitate or hinder the proliferation of populations
elucidates the mechanisms underlying their distribution and abundance in the urban
ecosystem. In this study, we examine the dispersal pattern of Trypanosoma cruzi, the
causative agent of Chagas disease, in and around the city of Arequipa, Peru.
The Chagas disease system in Arequipa, Peru is ideal to study the factors associated
with dispersal in recently urbanized environments for two reasons. First, a single
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introduction of T. cruzi recently established in Arequipa and has since dispersed
throughout many districts in the city (Chapter 1). A single population allows dispersal
patterns through the city to be assessed without being confounded by repeated
immigration from outside. Second, the high rate of human immigration into Arequipa has
increased drastically over the past ~50 years (Pedersen et al. 2008; Levy et al. 2014). The
current urban expansion has resulted in a mosaic of several types of habitat, each of
which provides unique challenges and opportunities for T. cruzi to establish and
proliferate (Foley et al. 2013; Levy et al. 2014; Khatchikian et al. 2015)]. Here, we
provide a model for understanding how populations disperse through urban environments
using whole genome sequences of 123 T. cruzi isolates collected throughout the city of
Arequipa, Peru.

Methods
Sample Collection and Study Site
Sample collection and genome sequencing are described in Chapter 1. Briefly, 123 T.
cruzi samples were isolated from infected Triatoma infestans bugs (N=114), dogs (N=2),
and guinea pigs (N=7) from houses throughout Arequipa, Peru (Figure 1A). Nearly half
of the samples isolated from T. infestans (N=56) were collected during intensive
inspections of houses and surrounding areas along an established transect within the
Mariano Melgar district in 2010 and 2011 as described in Levy et al. 2014 (Figure 1B).
Many blocks in Mariano Melgar contained bug populations uninfected with T. cruzi
(Levy et al. 2014), which is a pattern that has been observed in other parts of Arequipa
(Levy et al. 2015). T. cruzi DNA was extracted from each sample and sequenced to an
average depth of >50X as described in Chapter 1.
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Whole genome assembly
Genomes were assembled using the most closely related reference genome, TcJR
clone 4, obtained from TriTrypDB, using bowtie2 (Langmead & Salzberg 2012). Only
the 333 contigs longer than 10kb were used for the assembly to avoid spurious
alignments to short contigs, for a total genome assembly that includes 28Mbp. This
assembly largely excluded the extensive repeat regions found throughout the T. cruzi
genome. Duplicate reads were removed using Picard MarkDuplicates (McKenna et al.
2010).
SNP calling
Individual gVCF files containing SNP data for each sample were generated using
GATK HaplotypeCaller (McKenna et al. 2010; Poplin et al. 2017) following GATK’s
Best Practices procedure (De Pristo et al. 2011; Van der Auwera et al. 2013). A joint
genotype file containing all polymorphic sites from all samples was created using GATK
GenotypeGVCF. Indels were excluded. Polymorphic loci were hard-filtered by quality
using GATK VariantFiltration, requiring Fisher strand bias (FS) <40, mapping quality
(MQ) >30, and quality by depth (QD) >10. Only loci for which all samples achieved a
minimum depth of 20 and a Genotype Quality score (GQ) greater than 40 were included.
These filters maximized the number of polymorphic sites identified while ensuring that
duplicate and triplicate sequences resulted in identical SNP datasets. The final consensus
SNP panel included 9271 polymorphic sites.
Population Genetics Analyses
VCF files were converted to plink format using vcftools (Danecek et al. 2011) and
plink (Purcell et al. 2007). Violin plots were used to visualize the pairwise SNP distance
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between samples collected at various spatial scales using ggplot2 (Wickham, 2009) in R
(R Core Team, 2017). AMOVA was performed using the poppr package in R (Kamvar et
al. 2014). PCA was calculated using Tassel 5 (Bradbury et al. 2007). A maximum clade
credibility (MCC) phylogenetic tree was reconstructed using BEAST 1.8.4 (Drummond
et al. 2012) implementing a Kimura 3-parameter substitution model, an Extended
Bayesian Skyline coalescent tree prior (Heled & Drummond 2008), with equal base
frequencies, a strict clock, and a UPGMA starting tree chosen based on BEAST Model
Test implemented in BEAST2 (Bouckaert et al. 2014). A 10% burn-in was used and log
files were examined for convergence using Tracer v1.6.0 (Rambaut et al. 2018) ensuring
ESS values above 200. A MCC tree was generated using TreeAnnotator 1.8.4. and
visualized using FigTree (available at http://beast.bio.ed.ac.uk). Phylogenetic analyses
were performed using the BEAGLE library to increase computation speed (Suchard &
Rambaut 2009; Ayres et al. 2011). 100 independent iterations of ADMIXTURE
(Alexander et al. 2009) were run for each number of genetic clusters (K, ranging from 2
to 10) assuming linkage disequilibrium until the log-likelihood increased by less than
ε=10-4 between iterations. The optimal number of clusters was estimated to be 4 by the
cross-validation score averaged across 100 iterations (Supp Fig 2). The optimal alignment
of the 100 iterations was calculated using CLUMPP (Jakobsson et al. 2007).

Results
A total of 9271 of the >28 million sites in the genome sequences from 123 T. cruzi
parasites collected from ten spatially separated districts throughout the city of Arequipa,
Peru were polymorphic. The average pairwise distance between genomes was 1726 SNPs
(Table 1). Between samples from different houses within each city block, however, the
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average pairwise distance is 620 (Fig 2). There is significantly less variation among
houses within each block than expected by chance (p<0.001) (Fig 2; Table 2). The
limited genetic diversity observed within each block using population genetic analyses
can also be observed on the phylogeny as most city blocks contain only a single T. cruzi
lineage with all subsequent diversity generated by mutations in situ (Fig 3). This result is
also supported by ADMIXTURE analyses of the 56 samples from Mariano Melgar—the
most densely-sampled district—which demonstrate that most city blocks are dominated
by a single T. cruzi genetic cluster (Supp Fig 1). Generally, if one house is infected with
T. cruzi, multiple houses on that block are infected. 8 out of 12 blocks in Mariano Melgar
with an active T. cruzi infection have more than one infected house and the average
number of infected houses per infected block is 2.83.
T. cruzi collected from different blocks tend to be unrelated regardless of spatial
proximity. There is strong evidence that T. cruzi gene flow is significantly restricted
(p<0.001) among blocks in analyses of the whole dataset and in analyses focusing only
on Mariano Melgar (Table 2). This is consistent with the result that T. cruzi in different
blocks within Mariano Melgar tend to belong to unique genetic clusters (Supp Fig 1).
Further, the lineages occupying neighboring city blocks are often phylogenetically
divergent suggesting that geographic distance is not correlated with evolutionary distance
(Fig 3).
There is no evidence supporting restricted gene flow among the districts of Arequipa
(Table 1). The majority of the total genomic diversity is present in the two most denselysampled districts—Mariano Melgar and La Joya (Fig 3). Further, the lineages occupying
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city blocks within Mariano Melgar or La Joya are commonly most closely related to
lineages in other districts, supporting common dispersal among districts in the city.
Accounting for Recombination
In addition to the genome-wide SNP data, a dataset containing presence/absence of
474 unique recombination events was generated (described in detail in Chapter 3). Violin
plots were used to visualize the pairwise differences in recombination events (Supp Fig
4). An AMOVA was also performed using this dataset to determine if analyses performed
using genome-wide SNP data were consistent with those performed using presence of
recombination events (Supp Table 1). Analyses using the presence or absence of each
recombination event have limited power because these analyses use only the 474 events,
each with two character states (presence or absence) as opposed to the nearly 10,000
polymorphic loci in the SNP dataset. However, the genome-wide SNP data may be overweighing some regions of the genome. For example, one recombination event may
homogenize 500 formerly-heterozygous loci in one lineage while another equally likely
recombination event only affects 50 loci in another lineage. Here, analyses of genomewide SNPs may weigh the former event 10X more than the latter. While this may affect
divergence time estimation, the similar results between the violin plots (Fig 2 vs. Supp
Fig 4) and AMOVAs (Table 2 vs. Supp Table 1) show that it had no effect on estimations
of relatedness likely because all recombination events are identical by descent. The
results show that both genome-wide SNPs and presence/absence of recombination events
provide similar representations of genetic relatedness.
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Discussion
Investigations into the impact of human altered environments have focused primarily
on habitat destruction and extinction of natural fauna (Mackin-Rogalska et al. 1988;
Kowarik 1995; Denys & Schmidt 1998; McIntyre 2000; Blair 2001; McKinney 2002).
Equally impactful is the creation of novel habitats that are exploited by human-associated
pests (Alirol et al. 2011). Understanding how wildlife exploit human altered habitats,
especially in human-dense urban habitats, is important for understanding the distribution
and abundance of human diseases. Here, we investigate the dispersal patterns of
Trypanosoma cruzi, the cause of human Chagas disease, through the urban ecosystem of
Arequipa, Peru. The genomic data support a pattern of dispersal in which dispersal
proceeds with little impediment among houses within a city block after a population is
established. However, establishment of a novel T. cruzi population in a city block is a
rare event as T. cruzi was undetected in a majority of blocks and blocks supporting a
population tend to contain only a single genetic lineage. Geographic proximity to blocks
with an active population increases the establishment probability of that block only
slightly. In fact, long distance immigration from distant blocks, even blocks in other
districts, is as common as immigration from proximal blocks. The dispersal pattern
observed in Arequipa likely results from a combination of relatively rare immigration to
blocks without an established T. cruzi population and a low probability of establishing a
population after immigration. These patterns support a model of gene flow in which city
blocks are relatively homogenous, high-quality patches that allow within-block gene
flow, separated by inhospitable barriers (i.e. roads and streets) that greatly reduce gene
flow between blocks.
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The population genetic and phylogenetic analyses suggest that each city block
contains limited barriers to T. cruzi gene flow. After T. cruzi establishes in a new block,
the population readily disperses to neighboring houses within the block, likely carried by
their vectors which move between houses through shared walls (Levy et al. 2008;
Khatchikian et al. 2015). In fact, most (67%) blocks with any T. cruzi-infected bugs had
two or more houses containing infected bugs (Fig 3). T. cruzi population expansion
within each block is likely the result of the abundance of resources for both the parasite
and its vector. For example, many houses accommodate guinea pigs – which are
particularly important reservoirs of T. cruzi (Herrer 1955; Cohen & Gürtler 2001; Levy et
al. 2006; Levy et al. 2008; Coffield et al. 2013; Levy et al. 2014; Levy et al. 2015;
Castillo-Neyra et al. 2016), dogs, and humans, which offer an abundance of blood meals
for the vector and competent hosts for the parasite, providing stable reservoirs for T. cruzi
infection (Levy et al. 2014). These data suggest that blocks remain free of T. cruzi due to
either low rates of dispersal or low probability of establishment as populations tend to
thrive once established.
The distribution of T. cruzi among city blocks suggests that dispersal between blocks
is rare and likely limited by T. infestans dispersal between blocks, similar to reports
showing rare between-habitat urban dispersal in other species (Angold et al. 2006;
Cheptou et al. 2008; Niemelä & Kotze 2009). T. cruzi was not detected in a majority of
city blocks surveyed between 2008-2012 (Levy et al. 2014). Blocks containing T. cruzi
generally supported only a single lineage suggesting a single establishment event. These
data suggest either strong barriers to dispersal among city blocks or barriers that hinder
the establishment of new populations. Prior investigations demonstrated that streets are a
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barrier to dispersal for T. infestans, the primary vector of T. cruzi in the area, among
blocks (Barbu et al. 2013; Khatchikian et al. 2015). Nevertheless, there is evidence of
dispersal for both T. cruzi and T. infestans between neighboring blocks, especially in
areas that urbanized in the more distant past. For example, the older T. cruzi populations
likely dispersed between Blocks 1-4 and from Block 7 to 6 as opposed to the recently
established population in Block 5 which has not progressed to neighboring blocks (Levy
et al. 2014)(Fig 3). These data suggest that dispersal to proximal blocks is rare but can
occur given sufficient time, supporting the hypothesis of a low rate of dispersal.
Rare establishment of new city blocks observed in the data may also result from
barriers that hinder the establishment of new populations. These barriers could result
from both life history characteristics of T. cruzi – such as inefficient transmission from
vectors to hosts (Rabinovich et al. 1990; Cohen & Gürtler 2001) – and specific features
of a block that reduce the probability of establishing a population after introduction –
such as the presence of a vector population, competitive interactions with an existing T.
cruzi population, or human-specific activity patterns. Low transmission probability from
bug to host reduces the establishment probability of T. cruzi because the parasite is not
vertically (Kribs-Zaleta & Mubayi 2012) or horizontally (Levy et al. 2015) transmitted
between bugs. Therefore, T. cruzi may be unable to establish a population in a new block
even if its infected vector successfully establishes a population. The discordant
occupancy patterns between T. infestans (Khatchikian et al. 2015) and T. cruzi is
suggestive of the inefficiency of T. infestans as a mode of between-block T. cruzi
dispersal.
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The patchwork of city blocks in urban ecosystems can result in a mosaic of
environments that can differentially affect dispersal patterns and the probability of
establishment (Kowarik 2011). For example, one block within the heavily sampled
Mariano Melgar district (Fig 3, Block 6) appears to have a distinctly higher rate of
establishment than all other sampled blocks. This block supports T. cruzi representing six
unique lineages (Fig 3) including one that likely immigrated from a proximal block
(Block 7) and five from locations around Arequipa. The establishment of multiple
lineages from adjacent and distant blocks into this block may be indicative of a specific
environmental features or human activities such as the breeding or trading of guinea pigs
(Kim 2013) that may have increased the immigration rate or establishment probabilities
of T. cruzi in this block.
The source of the immigrants that establish in each block are no more likely to be
from proximal blocks than from distant blocks in other districts. That is, the closest
relatives of the lineages inhabiting each block are often found across Arequipa and not
necessarily the closest block with an active infestation. The long-range T. cruzi gene flow
seen here is likely facilitated by human movement as opposed to non-human mediated
dispersal within a bug or host. T. infestans actively fly long distances (~1km) only under
stressful conditions such as starvation, which may be unlikely in human- and animaloccupied houses (Ceballos et al. 2005; Richer et al. 2007). Individual T. infestans could
not actively travel the large distances between some districts. Active dispersal by dogs
and other small mammals may facilitate some T. cruzi dispersal, however, humans likely
provide the primary mechanism of T. cruzi dispersal. Human movement facilitates
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passive transportation of T. infestans and reservoir species of T. cruzi (Pinto Dias 2013)
among blocks within and between districts.
The data presented here show that urban areas are a patchwork of city blocks where
within-patch gene flow occurs regularly but where city streets hinder non-human
mediated gene flow between patches. City streets do not prevent human movement
between patches (Noulas et al. 2012), facilitating gene flow between distant patches
independent of distance. Such long-range dispersal across the urban ecosystem may be
possible for any species capable of exploiting human activity as a mechanism for
migration. Without human-mediated migration, a T. cruzi population may be confined to
a single patch with infrequent dispersal across the barriers between patches. These results
highlight the difficulty of controlling the dispersal of parasites like T. cruzi. Eliminating
the vector from a city block containing an established T. cruzi population would not
eliminate the risk of T. cruzi dispersal to a distant block. Long-term, city-wide vector
control campaigns and continuous vector surveillance activities may be required to
prevent establishment of T. cruzi in new blocks.
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Figure 1. Map of sample collection locations in A) Arequipa, Peru. All 123 T. cruzi
samples used in this analysis were collected within 100km of Arequipa, Peru from 20082015. Sampled T. cruzi are represented by red dots. Lines represent major roadways.
Densely populated areas appear grey due to the density of roads. Mariano Melgar—the
city center and most densely-sampled district— is indicated with a star. Inset shows the
location of Arequipa in southern Peru. B) Mariano Melgar district. 56 samples were
collected from the Mariano Melgar district in Arequipa (star in A). Blocks are displayed
in a grid to maintain privacy. Blocks from which samples were collected are numbered 1-
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12. Number of samples collected per block are displayed in parentheses. No parasites
were collected in unlabeled blocks. Black lines represent streets separating city blocks.
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Figure 2. T. cruzi isolates collected from the same block are genetically similar.
Violin plots show the number of pairwise SNP difference between all pairs of 123
samples, among pairs of samples collected in different blocks from the same district, and
among pairs of samples collected in the same block. The distribution of genetic distances
among samples between blocks among districts is significantly larger than the
distribution among all samples and the genetic distances among samples within blocks
are significantly smaller than expected given the genetic diversity in the dataset
(p<0.001). These data show that genetically-similar samples cluster in blocks while the
overall diversity is distributed among districts.
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Figure 3. Maximum clade credibility phylogeny shows that the T. cruzi collected
from many blocks form a monophyly. The phylogeny includes all 123 samples
collected from Arequipa. Branches are colored for samples collected in the two most
densely-sampled districts: La Joya (green) and Mariano Melgar (blue). Block numbers
are labeled for the 48 samples from Blocks 1-7 in Mariano Melgar. Black branches
represent samples collected from eight other locations across Arequipa: Bustamante,
Cayma, Huanca, Miraflores, Sachaca, Tiabaya, Uchumayo, and Vitor. T. cruzi from both
Mariano Melgar and La Joya span the phylogeny and confirm that most of the genetic
variation in all of Arequipa is contained within a single district. The T. cruzi in many
blocks within Mariano Melgar were likely introduced from outside of the district, since
the MRCA for each block is typically shared with other districts and not from other
blocks within Mariano Melgar. Jagged lines in most basal branch indicate that the branch
was shortened for visualization. Posterior probabilities less than 0.80 are labeled for basal
nodes. An unabridged phylogeny containing all tip labels and posterior probabilities can
be found in Supplemental Figure 5.
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Table 1. Population Genetic Statistics

123 T. cruzi isolates

Avg. Pairwise

No. Segregating

distance

Sites

1761.96

12256

π

θ

0.14374

0.185659
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Table 2. AMOVA across Arequipan T. cruzi isolates shows no significant population
structure between districts but significant structure within Mariano Melgar district.
Pvalue
Variation within blocks 0.001

% total
variation
27.828949

Variation among blocks within districts 0.001

67.370526

Test

Variations between districts

0.41

4.800524

Variation within blocks in Mariano Melgar

N/A

27.44506

Variation between blocks in Mariano Melgar 0.001

72.55494
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Supplemental Materials

0.5km

Supplemental Figure 1. ADMIXTURE analysis for K=4 genetic clusters shows
that similar genotypes tend to cluster within a block. The colors of each pie chart
represent the likelihood that a sample belongs to each of four genetic clusters. Each
color (blue, yellow, orange, grey) represent a unique genetic cluster. There is
significant clustering of identical genotypes within blocks 1-4, 5, and 7. Block 6
contains an exceptionally diverse population of T. cruzi. Block 8-12 have few
samples per block, but the samples collected in each block are distinct from those
collected elsewhere in the district. Blocks are displayed in a grid to maintain privacy.
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Supplemental Figure 2 Cross-validation scores for each genetic cluster (K) averaged
across 100 iterations. Standard error bars are shown for each value. K=4 was determined
to be the optimal number of genetic clusters.
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Supplemental Figure 3. Principal component analysis shows genetic similarity of
T. cruzi collected from the same city block within the Mariano Melgar district.
PCA was calculated using 56 samples. The centroids of all samples from each city
block with standard error bars are shown here. Each of the seven samples collected in
Block 6 are represented by a red X because they occupy disparate portions of the
PCA space. One sample collected in Block 7 is unique and is thus represented by its
own dot.
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Supplemental Table 1. Using only presence/absence for each of 474 recombination
events in place of genotype data, AMOVA performed across Arequipan T. cruzi
isolates shows significant structure within blocks.
PTest

% total variation
value
Variation within blocks 0.001

37.131922

Variation among blocks within districts 0.001

62.5097975

Variations between districts 0.477

0.3582805

Variation within blocks in Mariano Melgar

N/A

34.94804

Variation between blocks in Mariano Melgar 0.001

65.05196
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Supplemental Figure 4. Using only presence/absence for each of 474 recombination
events in place of genotype data, the T. cruzi isolates collected from the same block
are genetically highly similar. Violin plots show the number of pairwise differences in
unique recombination events. Difference between all pairs of 123 samples, among pairs
of samples collected in different blocks from the same district, and among pairs of
samples collected in the same block, are shown. These results recapitulate the results
found using genome-wide SNP data: The distribution of differences among samples
between blocks among districts is larger than the distribution among all samples, the
differences among samples within blocks are significantly smaller than expected given
the diversity in the dataset (p<0.001). The results that genetically-similar samples cluster
in blocks while the overall diversity is distributed among districts do not vary regardless
of the data set analyzed (recombination events or genome-wide SNP data).
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Supplemental Figure 5. Maximum clade credibility phylogenetic reconstruction
with sample labels and all posterior probabilities labeled. Collection locations (district
and block number within district) and dates for each sample can be found in
Supplemental Table 2.
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Supplemental Table 2. Sample collection locations and years.
Year
Sample ID

District

Block
Collected

TC001

La Joya

4

2008

TC002

La Joya

4

2008

TC003

La Joya

5

2008

TC004

La Joya

6

2008

TC010

Mariano Melgar

5

2008

TC014

La Joya

3

2008

TC015

La Joya

7

2008

TC016

La Joya

4

2008

TC019

La Joya

6

2008

TC020

La Joya

4

2008

TC022

La Joya

2

2008

TC023

La Joya

9

2008

TC026

La Joya

4

2008

TC027

La Joya

6

2008

TC029

La Joya

6

2008

TC031

La Joya

9

2008

TC033

La Joya

6

2008

TC034

La Joya

8

2008

TC035

La Joya

9

2008

TC036

La Joya

9

2008
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TC037

La Joya

6

2008

TC038

La Joya

9

2008

TC039

La Joya

9

2008

TC040

La Joya

1

2008

TC041

Mariano Melgar

5

2010

TC042

Mariano Melgar

2

2010

TC043

Mariano Melgar

2

2010

TC044

Mariano Melgar

6

2010

TC045

Mariano Melgar

2

2010

TC046

Mariano Melgar

7

2010

TC047

Mariano Melgar

7

2010

TC048

Mariano Melgar

7

2010

TC049

Mariano Melgar

5

2010

TC051

Mira

1

2010

TC053

Tiabaya

1

2010

TC055

Mariano Melgar

6

2010

TC057

Tiabaya

1

2010

TC058

Tiabaya

1

2010

TC061

Mariano Melgar

2

2010

TC063

Uchumayo

1

2010

TC064

Mariano Melgar

4

2010

TC065

Mariano Melgar

7

2011

TC067

Sachaca

1

2011

66

TC068

Mariano Melgar

12

2011

TC069

Mariano Melgar

12

2011

TC070

Mariano Melgar

2

2011

TC071

Mariano Melgar

1

2011

TC072

Mariano Melgar

3

2011

TC073

Mariano Melgar

2

2011

TC074

Mariano Melgar

3

2011

TC075

Mariano Melgar

2

2011

TC076

Mariano Melgar

5

2011

TC077

Mariano Melgar

5

2011

TC078

Mariano Melgar

5

2011

TC079

Mariano Melgar

2

2011

TC080

Mariano Melgar

5

2011

TC081

Mariano Melgar

7

2011

TC082

Mariano Melgar

7

2011

TC083

Mariano Melgar

7

2011

TC084

Mariano Melgar

7

2011

TC085

Mariano Melgar

7

2011

TC086

Mariano Melgar

7

2011

TC088

Mariano Melgar

6

2011

TC089

Mariano Melgar

7

2011

TC090

Mariano Melgar

6

2011

TC091

Mariano Melgar

7

2011
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TC092

Mariano Melgar

7

2011

TC095

Mariano Melgar

12

2011

TC097

Mariano Melgar

6

2011

TC098

Mariano Melgar

8

2011

TC099

Mariano Melgar

6

2011

TC100

Mariano Melgar

9

2011

TC101

Mariano Melgar

11

2011

TC102

Mariano Melgar

6

2011

TC103

Mariano Melgar

7

2011

TC104

Mariano Melgar

5

2011

TC105

Mariano Melgar

3

2011

TC106

Sachaca

1

2011

TC107

Mariano Melgar

6

2011

TC108

Mariano Melgar

11

2011

TC110

Mariano Melgar

10

2011

TC111

Mariano Melgar

5

2011

TC112

Mariano Melgar

5

2011

TC113

Sachaca

2

2011

TC114

Sachaca

2

2011

TC115

Mariano Melgar

1

2011

TC116

Mariano Melgar

5

2011

TC119

Cayma

1

2011

TC120

Uchumayo

1

2011
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TC122

Cayma

2

2011

TC123

Sachaca

1

2012

TC124

Mariano Melgar

7

2012

TC125

Bustamante

1

2012

TC126

Bustamante

1

2012

TC127

Tiabaya

5

2012

TC129

La Joya

1

2013

TC130

La Joya

1

2013

TC131

La Joya

1

2013

TC132

Mira

3

2013

TC133

Mira

2

2013

TC134

Mira

2

2013

TC135

Murco

N/A

2013

TC136

Mira

4

2014

TC137

Mira

4

2014

TC138

Vitor

1

2013

TC139

Tiabaya

4

2015

TC140

Tiabaya

2

2015

TC141

Huanca

N/A

2015

TC142

Huanca

N/A

2015

TC143

Huanca

N/A

2015

TC144

Huanca

N/A

2015

TC145

Huanca

N/A

2015
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TC146

Huanca

N/A

2015

TC147

La Joya

1

2015

TC148

Huanca

N/A

2015

TC149

Huanca

N/A

2015

TC150

Huanca

N/A

2015

TC151

Huanca

N/A

2015

TC152

Huanca

N/A

2015

TC153

Tiabaya

3

2015

TC154

Tiabaya

3

2015

TC155

La Joya

1

2015

TC156

Tiabaya

3

2015
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Chapter 3: Evidence of sexual reproduction in a natural
Trypanosoma cruzi population
Abstract
Sexual reproduction confers several evolutionary advantages for microparasites including
an increased diversity of immune evasion genes within an individual. Reassortment of
alleles among individuals is often essential to exploit novel hosts or populations.
However, many eukaryotic microparasites exhibit highly-clonal population structures
suggesting that these species rarely engage in genetic exchange through sexual
reproduction. Evidence of clonality is particularly convincing in the causative agent of
Chagas disease, Trypanosoma cruzi, despite equally convincing evidence of the
capability for sex. In the present study, we investigated two hypotheses that can reconcile
the apparent contradiction between the observed clonal population structure and the
capacity to engage in sexual reproduction by analyzing genome sequences of 123 isolates
from the T. cruzi population in Arequipa, Peru. The distribution of polymorphic markers
within and among isolates provides clear evidence of the occurrence of sexual
reproduction, albeit with high levels of inbreeding. Sexual reproduction has resulted in
the reassortment of large genetic segments among chromosomes due to crossing over
during meiosis. These cross over events, as well as independent assortment of
chromosomes, during sexual reproduction have resulted in a decay in the genetic linkage
among polymorphic markers. Despite clear evidence of sexual reproduction, the
population structure remains clonal due to a high level of inbreeding that increases
homozygosity, and thus reduces diversity, within each inbreeding lineage. These results
effectively reconcile the apparent contradiction by demonstrating that the clonal
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population structure is derived not from the absence of sex but from high levels of
inbreeding. We discuss epidemiological consequences of reproductive strategy on the
genome evolution, population structure, and phenotypic diversity of this medically
important parasite.
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Introduction
An increasing body of evidence suggests that many eukaryotic microparasites exhibit
highly-clonal population structures (Kilgour et al. 1975; Gibson et al. 1980; Mehlitz et al.
1982; Sargeaunt et al. 1982; Gibson & Gashumba 1983; Allsopp & Newton 1985;
Gibson & Wellde 1985; Nash et al. 1985; Lanotte et al. 1986; Maazoun et al. 1986;
Moreno et al. 1986; Pratlong et al. 1986; Safrin et al. 1986; Cariou & Pernin 1987;
Proctor et al. 1987; Dardé et al. 1988; Gashumba et al. 1988; Meloni et al. 1988; Nadler
& Honigberg 1988; Desjeux & Dedet 1989; Lehmann et al. 1989; Meloni et al. 1989;
Dardé et al. 1990; Mihok et al. 1990; Tibayrenc et al. 1990; Tibayrenc et al. 1991;
Brandt et al. 1993; Pujol et al. 1993; Ayala 1998). That is, isolates sampled in nature tend
to represent independently evolving asexual lineages with limited genetic exchange
between individuals. Despite increasingly detailed studies supporting the apparent rarity
of sexual reproduction in many eukaryotic microparasites, this diverse group of
organisms is capable of sexual reproduction and evidence of sex has been observed or
experimentally demonstrated in several species (Babiker & Walliker 1997; Guttery et al.
2012; Peacock et al. 2014). Paradoxically, sexual reproduction would be expected to
provide several advantages to parasites including increasing within-individual diversity in
immune evasion genes where diversity is paramount for survival. We investigated two
hypotheses that could explain the apparent contradiction between the observed clonal
population structure and the capacity to engage in sexual reproduction in the protozoan
parasite and causative agent of Chagas disease, Trypanosoma cruzi, which exhibits
highly clonal population structures in nature (Oliveira et al. 1998; Diosque et al. 2003;
Tibayrenc 2003) despite experimental evidence of the capacity for sexual reproduction
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(Gaunt et al. 2003). First, meiosis and fertilization may be exceedingly rare such that
mutational processes occur much more frequently than meiosis (Fig 1) and second,
sexual reproduction may be common but occurs between closely-related individuals
resulting in the high homozygosity across genomes observed in natural populations.
The clonal population structure of T. cruzi is well-documented, leading many to
accept that this parasite reproduces asexually despite its capacity for sexual reproduction
(Ayala 1998). Asexual reproduction results in an excess of homozygosity compared to
sexual populations as well as non-random associations of alleles across loci (linkage
disequilibrium), both of which have been observed in natural T. cruzi populations
(Oliveira et al. 1998; Diosque et al. 2003; Tibayrenc 2003). For example, Oliveira et al.
(1998) found that homozygosity at eight microsatellite loci among 24 T. cruzi strains was
significantly greater than expected assuming random mating, and linkage disequilibrium
was significantly higher than expected, suggesting a limited role for sexual reproduction
(Ayala 1998). Nevertheless, the capacity for sexual reproduction in T. cruzi has been
demonstrated in controlled experiments as well as by observations of hybrids that have
formed through sexual outcrossing. Meiosis and fertilization in T. cruzi was detected in
vitro by transfecting clones with two different markers and observing progeny with both
markers (Gaunt et al. 2003). Further, hybridization between distantly-related lineages
resulted in the CL Brener reference strain (Brisse et al. 1998; Brisse et al. 2003;
Westenberger et al. 2005; El-Sayed et al. 2005). Subsequent meiosis in the evolutionary
history of this strain has resulted in the transfer of large genomic regions among the
divergent chromosomes (Machado & Ayala 2001).
The demonstrated capacity of T. cruzi to reproduce sexually along with the potential
advantages of sex is remarkable given that the population genetic patterns associated with sex
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are not observed in natural populations (Fig 1). That is, regular sexual reproduction randomly
combines alleles at each locus resulting in the proportions of heterozygotes and homozygotes
that conform to Hardy-Weinberg expectations, a result that has not been observed in any T.
cruzi population investigated. Similarly, sexual reproduction is expected to break down the nonrandom allelic associations among loci due to the independent assortment of chromosomes as
well as cross-over events that occur during meiosis. By contrast, empirical studies demonstrate
high levels of linkage disequilibrium among alleles in natural populations (Tibayrenc et al. 1986;
Oliveira et al. 1998; Tibayrenc & Ayala 1988). In the present study, we investigated the pattern
of genomic signatures associated with the random assortment of allelic markers expected in
sexual and asexual populations to investigate the potential causes of the apparent contradiction
between the observed clonal population structure and the capacity to engage in sexual

reproduction.

Methods
Sample Collection and Study Site
DNA from 123 T. cruzi isolates was sequenced to uncover evidence of sexual
reproduction (Fig 2). Samples were isolated from Triatoma infestans bugs collected in
Arequipa, Peru (N=114) and an additional nine samples were isolated from the blood of
guinea pigs (N=7) and dogs (N=2) in Arequipa. Uninfected T. infestans were allowed to
feed on 6 of the 9 blood samples to in order to transfer the parasite to a natural vector. For
all samples (lab- and naturally-infected vectors), T. cruzi was isolated by injecting feces
from infected vectors into guinea pigs or mice and re-isolating T. cruzi from the blood of
each infected mammal as previously described (Castillo-Neyra et al. 2016). T. cruzi was
isolated directly from the blood samples of three guinea pigs collected in Arequipa
without passage through T. infestans.

83

Sequencing
DNA from all laboratory cultures was extracted using Qiagen DNEasy DNA
Purification Kit. 150bp single-end read libraries were prepared using TruSeq Nano kit
and sequenced to an average depth of >50X using Illumina’s NextSeq500. Six T. cruzi
isolates were prepared in duplicate, and one in triplicate, to allow estimation of
sequencing error. Low quality bases were trimmed from raw reads using trimmomatic0.32 (Bolger et al. 2014).
Whole genome assembly
Genomes were assembled using the most closely related reference genome, TcJR
clone 4, obtained from TriTrypDB (http://tritrypdb.org/tritrypdb/), using bowtie2
(Langmead & Salzberg 2012). Only the 333 contigs longer than 10kb were used for the
assembly to avoid spurious alignments to short contigs, for a total genome assembly that
includes 28Mbp. This assembly largely excluded the extensive repeat regions found
throughout the T. cruzi genome. Duplicate reads were removed using Picard
MarkDuplicates (McKenna et al. 2010).
SNP calling
Individual gVCF files containing SNP data for each sample were generated using
GATK HaplotypeCaller (McKenna et al. 2010; Poplin et al. 2017) following GATK’s
Best Practices procedure (De Pristo et al. 2011; Van der Auwera et al. 2013). A joint
genotype file containing all polymorphic sites from all samples was created using GATK
GenotypeGVCF. Indels were excluded. Polymorphic loci were hard-filtered by quality
using GATK VariantFiltration, requiring Fisher strand bias (FS) <40, mapping quality
(MQ) >30, and quality by depth (QD) >10. Only loci for which all samples achieved a
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minimum depth of 20 and a Genotype Quality score (GQ) greater than 40 were included.
These filters maximized the number of polymorphic sites identified while ensuring that
duplicate and triplicate sequences resulted in identical SNP datasets. The final consensus
SNP panel included 9271 polymorphic sites.
Evidence of Sexual reproduction
Detection of meiotic recombination events
Cross-over events during meiosis create a novel combination of polymorphic markers
by combining large genetic regions of homologous chromosomes (Fig 1C). During
meiosis, non-sister chromatids of homologous chromosomes can exchange genetic
material resulting in gametes containing chromosomes that differ from either parental
chromosome. The chromosomes that result from a meiotic cross-over event in gametes
are comprised of two sections, one retaining the linkage association among markers
found on one of the parental chromosomes joined with another chromosomal segment
with the linkage associations found on the other parental chromosome. Fusion of gametes
containing chromosomes that have experienced different cross-over events will result in
regions of the chromosome that are heterozygous in some diploid offspring and
homozygous in others. Thus, detection of large segments (>10kb) of chromosomes where
all of the polymorphic markers (>20) that are heterozygous in some isolates are
homozygous in other isolates within the same population indicates that a meiotic crossover event created a novel combination of markers. Long chromosomal regions with
many (>20) polymorphic markers that are heterozygous in some isolates but homozygous
in others are unlikely to result from independent point mutations due to the clustering of
all of the mutational events in one region of a chromosome. Additionally, the point
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mutation hypothesis would necessitate that the same combination of mutations occurred
independently in multiple isolates. Gene conversion could also produce the pattern
expected from meiotic crossing over although gene conversion events are typically
restricted to much shorter chromosomal segments (<10kb).
We examined the genomic sequence data for the distributions of polymorphic
markers within and among individuals that are expected to result from meiosis. To this
end, we first aligned all polymorphic sites by contig and position using VCF tools
v0.1.13 (Danecek et al. 2011) and plink (Purcell et al. 2007). The data were converted to
a VCF file containing SNP data for all 123 samples and subsequently to plink format
using VCF tools. Plink’s runs of homozygosity function was used to generate a list of
regions that were entirely homozygous in some isolates and heterozygous in at least one
isolate, a pattern suggestive of a meiotic recombination event. A conservative estimate of
the number and size of recombinant regions was obtained by defining a recombinant
region as a run of homozygosity containing at least 20 consecutive, homozygous
polymorphic markers that span at least 10kb with a density of at least 1 SNP per 50kb.
Runs of homozygosity were determined by sliding a window of 25 SNPs across the
genome and determining if each window position contained a run of homozygosity as
defined. This method produces a conservative estimate of the number and size of
recombination events because the minimum size of 20 consecutive homozygous SNPs
will not identify runs of homozygosity on short contigs nor regions with a low density of
polymorphic markers. Additionally, regions that have acquired point mutations will not
be identified as the algorithm requires that a run of homozygosity cannot contain any
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heterozygous sites. Further, recombination between identical homozygous regions were
not detected because runs of homozygosity contained by all samples were ignored.
Two runs of homozygosity were considered identical by descent (IBD) if they were
99% identical and had ten or fewer non-overlapping homozygous SNPs. Relaxing these
assumptions did not qualitatively alter the results nor the conclusions.
Hardy-Weinberg equilibrium
The frequency of sexual reproduction affects the proportions of heterozygotes and
homozygotes in a population. While regular sexual reproduction results in proportions of
heterozygotes and homozygotes that conform to Hardy-Weinberg expectations,
infrequent sexual reproduction or inbreeding will result in allele frequencies that deviate
from Hardy-Weinberg expectations. To determine the frequency of sex and the
randomness of mating in this T. cruzi population, Hardy-Weinberg equilibrium
calculations were performed for each polymorphic locus.

Results
The genome sequences from 123 T. cruzi isolates collected throughout Arequipa,
Peru were highly similar, suggesting that all isolates descended from a recent common
ancestor. The 15,357bp maxicircle was nearly identical among isolates with an average
pairwise difference of 1.04 (Chapter 1) and only 12,256 sites in the ~56Mbp diploid
genome were polymorphic. There is no evidence of introgression of chromosomes or
segments of chromosomes into this population by gene flow from outside populations as
all runs of polymorphic markers are distributed throughout the phylogeny of these 123
isolates. Additionally, there are no runs of polymorphic markers that are similar to any of
the outgroup genomes sequenced. These data suggest that the common ancestor of all
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sampled individuals is relatively recent and contained much of the variation observed in
the isolates sequenced.
Evidence of sexual reproduction was inferred from the distribution of polymorphic
markers within and among sequenced isolates. The exchange of genetic material between
non-sister chromatids of homologous chromosomes during meiosis results in gametes
that contain chromosomes comprised of a set of polymorphic markers derived from the
paternal chromosome and a set derived from the maternal chromosome. When these
gametes fuse and produce diploid offspring, some offspring will have regions of their
chromosomes that are uniformly homozygous at the polymorphic markers while the same
region will be heterozygous in other offspring (Fig 1C). Thus, evidence of sexual
reproduction was detected by identifying large segments (>10kb) of chromosomes where
all of the markers (≥20) that are heterozygous in some isolates are homozygous in other
isolates within the same population. These runs of homozygous chromosomal segments
are common in the T. cruzi genomes in Arequipa (Fig 3). Using a conservative algorithm
to detect chromosomal segments derived from meiotic recombination, we identified 474
recombined segments ranging in size from 10kb to 468kb (Supp Fig 1). Evidence of
meiotic recombination events were detected on 69 of the 80 (86.25%) contigs longer than
100kb, suggesting that this phenomenon occurs on all T. cruzi chromosomes. The
conservative criteria used to identify cross-over events are unlikely to be met on contigs
shorter than 100kb (Supp Fig 2). Meiotic recombination and fertilization of gametes with
random chromosomes accounts for 95% of the average pairwise differences among T.
cruzi isolates, with the remaining differences explained by point mutations.
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The frequency of heterozygotes is higher than expected in Hardy-Weinberg
populations at 95% of polymorphic markers while only 0.10% of markers have more
homozygotes than expected. Of those markers in Hardy-Weinberg equilibrium, only one
(0.2%) site had a minor allele frequency greater than 0.1. Of the ten markers with more
homozygotes than expected, only 1 (10%) had a minor allele frequency greater than 0.1.
All polymorphic markers contain only two character states.

Discussion
The evolutionary advantages of sex for eukaryotic microparasites are numerous and
include the potential to increase the diversity of immune evasion genes within individuals
where diversity is paramount for survival. Yet many populations of eukaryotic
microparasites that have the capacity for sexual reproduction exhibit a clonal population
structure suggesting that sexual reproduction is nearly absent in nature or possibly that
sexual reproduction occurs but primarily with closely related individuals. The genome
sequence data analyzed here supports the hypothesis that T. cruzi, a eukaryotic
microparasite in which clonal population structures are commonly observed despite the
demonstrated capacity for sexual reproduction, engages in sexual reproduction with high
levels of inbreeding. The clonal population structure observed in this and other T. cruzi
populations is mostly likely accounted for by periodic meiosis and the fusion of gametes
with those of closely related individuals.
The meiotic processes necessary for gamete formation and sexual reproduction create
novel associations of polymorphic markers through recombination between homologous
chromosomes. Fusion of a gamete containing a recombined chromosome with a gamete
containing one of the parental chromosomes during sexual reproduction will result in
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homozygosity throughout one large region of the chromosome while the sites that were
heterozygous in the parent will remain heterozygous in the offspring in the other
chromosomal region. Here, we looked for evidence of recombined chromosomes derived
from meiotic processes to detect evidence of sexual recombination. Among the genome
sequences from 123 T. cruzi isolates collected in Arequipa, Peru, 474 independent
meiotic recombination events were identified where all of the markers (≥20) that are
heterozygous in some isolates are homozygous in other isolates across a large
chromosomal segment (>10kb). Sexual reproduction occurs with sufficient regularity to
observe meiotic recombination events within subpopulations that have only recently
established in blocks within the recently established city (Fig 3C). These meiotic
recombination events are present throughout the T. cruzi genome and range in size from
10kb to 468kb. The distributions of polymorphic markers observed across large segments
of DNA is substantially more likely to result from meiotic recombination than identical
mutations recurring in multiple lineages or through gene conversion events which impact
shorter chromosomal regions (~10kb).
The population structure of T. cruzi appears clonal despite the occurrence of sexual
reproduction in this natural population due to both the irregularity of sexual reproduction
and the high level of inbreeding. Despite evidence of multiple meiosis and fertilization
events in this relatively young population, asexual reproduction remains the dominant
form of T. cruzi reproduction. Asexual reproduction has maintained both the higher than
expected levels of heterozygosity observed at the majority of polymorphic markers as
well as the high levels of linkage disequilibrium among the polymorphic markers within
the observed linkage blocks on many contigs. In agreement with disproportionate clonal
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reproduction, heterozygote frequencies in this population are higher than expected from a
randomly-mating sexual population in 95% of polymorphic markers. These data also
suggest that the common ancestor of all sampled T. cruzi genomes contained nearly all of
the polymorphisms analyzed, which is also supported by data showing that most (>95%)
of the genetic diversity among isolates results from the reassortment of a set of ancestral
polymorphic markers.
High levels of inbreeding also increased the apparent clonality of the population.
Inbreeding limits the exchange of diversity among individuals within the population
resulting in multiple independently evolving lineages. Further, inbreeding reduces the
benefits of sexual reproduction as it results in the continuous decay of diversity within
each lineage until the absorbing boundary of complete homozygosity is attained (Fig 4).
For example, only half of the offspring that result from self-mating, where gametes fuse
only with gametes of the same parent, in a heterozygote lineage will be heterozygous
while all offspring of homozygotes would always be homozygous, thus reducing the
proportion of heterozygotes in the population by half with each generation. No evidence
of outcrossing was detected in the current dataset (Fig 3A). It is unclear, however, if the
apparent inbreeding results from obligatory selfing or if outbreeding occurs but cannot be
observed due to the limited genome-wide diversity in Arequipa; that is, all individuals in
the population are closely related (Chapter 1). The obligatory selfing hypothesis is
supported by published investigations in T. cruzi populations with greater diversity in
which multiple T. cruzi lineages are frequently found in the same host (Lopez-Cancino et
al. 2015) and vector (Oliveira et al. 1998; Dumonteil et al. 2018) without evidence of
outcrossing. Future studies are necessary to assess the population or molecular
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mechanisms that result in high levels of selfing in areas with opportunities for
outcrossing.
The biological mechanism of sexual reproduction in T. cruzi may restrict outcrossing.
The location (in what host and host tissue), frequency, and mechanism affecting the
probability of outcrossing in T. cruzi have not been elucidated, however Trypanosoma
brucei produces gametes via meiosis in its vector (Peacock et al. 2014). By contrast,
experimental evidence suggests that T. cruzi undergoes meiosis and fertilization in the
mammalian host (Gaunt et al. 2003). Haploid gametes have not yet been detected in T.
cruzi, potentially due to the practical challenges of isolating an ephemeral stage of a
relatively rare organism.
Sexual reproduction in parasites like T. cruzi may be particularly important for
maintaining a diverse assortment of immune evasion genes within individuals (Gjini et
al. 2010; McCulloch et al. 2015). The strong selection pressure generated by the host
immune system has resulted in the extensive and diverse immune evasion gene family in
T. cruzi, the trans-sialidase genes (El-Sayed et al. 2005; Schenkman 2012; Weatherly et
al. 2016). Sexual reproduction can maintain immune evasion gene diversity in the face of
homogenization events that commonly occur among paralogs within genomes by
redistributing variation among trans-sialidase genes within a population through
chromosome sorting or cross-over events (Freitas-Junior et al. 2000; Barry et al. 2007;
Graves 2013). While we did not specifically investigate trans-sialidase genes, it is
possible that even in populations where inbreeding is common, low frequencies of sex
can increase trans-sialidase diversity within individuals, thus increasing the probability of
survival within a host.
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Since the T. cruzi isolates used in this analysis were maintained in culture for variable
periods of time, meiosis could have occurred during the isolation and culturing process.
However, 65% (310) of all crossing over events were present in multiple samples. Thus,
a substantial proportion of the crossing over detected here must have occurred prior to
isolation.
The ubiquitous observations of clonal population structures have resulted in the
hypothesis that sexual reproduction is nearly absent in natural T. cruzi populations
(Brisse et al. 2003; de Freitas et al. 2006). The data presented here suggest that sexual
recombination is not uncommon in natural populations. Sexual reproduction occurred
repeatedly in the recent evolutionary history of the population and has occurred within
subpopulations that have only recently established on city blocks (Fig 3C). The number
of meiotic recombination events reported here is conservative, as events occurring
between homozygous regions cannot not be detected and our criteria for identifying
recombined regions was strict. Nevertheless, the extant linkage disequilibrium within
large linkage blocks suggests that clonal reproduction has been the most common mode
of reproduction in this population. This mixed life-history strategy has important medical
and evolutionary implications. Sexual reproduction may allow for rapid diversification of
antigens which may contribute to the variability in serological diagnostics (Longhi et al.
2002; Verani et al. 2009; Abras et al. 2016) and has the potential to generate genetic and
phenotypic diversity (Laurent et al. 1997; Zingales et al. 2012) in pathogenicity (Andrade
et al. 1974; Andrade et al. 1985), host and vector propensity (de Lana et al. 1998; Roellig
et al. 2010), and vulnerability to drugs (Revollo et al. 1998) if outcrossing is common in
populations with greater diversity. Primarily asexual reproduction coupled with periodic
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sexual inbreeding, on the other hand, will result in clonal population structures that
maximize the diversity among lineages and minimize the possibility that virulence factors
or drug resistance will introgress into other lineages. Primarily asexual reproduction
coupled with periodic sexual outcrossing may be significant for the adaptive evolution in
novel environments and may be particularly important for invading urbanizing
environments where rapid adaptation may be at a premium.
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Figure 1. The reproductive strategies employed can be inferred from the
distribution of polymorphic markers within and among strains of a population. Both
asexual and sexual populations experience both A) point mutations and B) gene
conversion events while only populations reproducing sexually experience meiotic
recombination that reassort large genomic regions among chromosomes as well as
chromosomes among individuals. A) Point mutations alter random bases individually
such that spatial clustering of mutations is not expected in most cases. Whole
chromosomes carrying novel point mutations, along with all linked markers, will be
passed to offspring during asexual reproduction while these markers could become
disassociated due to cross over events and the independent assortment of chromosomes
during meiosis. B) Gene conversion events homogenize small regions of homologous
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chromosomes (10s of kb), effectively reducing diversity at multiple markers in one
chromosomal region. C) Sexual reproduction can result in the disassociation of
polymorphic markers due to the independent assortment of chromosomes as well as
crossing over between homologous chromosomes during meiosis. Crossing-over results
in the exchange of large chromosomal segments (up to Mbs) among homologous
chromosomes, disrupting associations among polymorphic markers on each chromosome.
Crossing over thus results in gametes that contain chromosomes comprised of a set of
polymorphic sites derived from the paternal chromosome and a set derived from the
maternal chromosome. As only a small number of cross-over events are expected to
occur on each chromosome during meiosis (~1), a small number of large genomic regions
reassort on each resulting chromosome, a genetic signature that is distinct from point
mutations and gene conversion. Random fusion of gametes with these recombined
chromosomes will produce offspring with some chromosomal regions that are uniformly
homozygous at polymorphic markers that are heterozygous in their siblings.
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Figure 2. Map of sample collection locations. The location of all 123 sampled T. cruzi
are represented by red dots. Roads are represented by black lines. Inset shows the
location of Arequipa.
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I. 200kb, 128SNPs
Mariano Melgar
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II. 344kb, 166SNPs

III. 47kb, 31SNPs

A

Mariano Melgar
Block 5

C

Mariano Melgar
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La Joya
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Figure 3. The distribution of polymorphic markers within and among
individuals provides clear evidence of meiotic recombination. This representative
subset of the data portrays the distributions of 325 polymorphic markers throughout three
regions of the genome in 55 isolates (grouped by geographic location: Mariano Melgar
Blocks 1-4 (N=14), Block 5 (N=11), Block 7 (N=14), La Joya (N=14), and Bustamante
(N=2)) that indicate the presence and frequency of sexual reproduction as A) the
independent assortment of chromosomes among individuals in a population; B) meiotic
recombination events that reassort polymorphic markers along a chromosome; and C)
evidence of very recent reassortment of polymorphic markers via sexual reproduction.
Markers that are polymorphic in the population can be heterozygous (green) or
homozygous in each individual (yellow representing a site that is homozygous for one
base, blue representing individuals homozygous for the alternative base). Note that only
polymorphic sites with a minor allele frequency >16% in the population are represented
in order to remove non-polymorphic sites and interspersed SNPs for clarity. (A)
Independent assortment of chromosomes and subsequent fusion of gametes has resulted
in a region (I) that is homozygous in some individuals and heterozygous in others across
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a 200kb region containing 128 polymorphic markers on an 829kb contig. In this region,
individuals can be homozygous for either set of linked polymorphic markers.
Interestingly, genotypes are geographically clustered, indicating identity by decent. Note
that runs of identical color indicate identical sequence. (B) Meiotic recombination has
resulted in a region (II) of a 357kb contig that partially retain the linkage patterns of both
parental chromosomes while the rest retains the linkage pattern of only one parental
chromosome, showing that crossing over can affect parts of chromosomes or whole
chromosomes. In this region there is evidence of at least three independent meiotic
recombination events. (C) Sexual reproduction after the colonization of a city block in
the recent past has resulted in the genetic divergence of closely related samples over a run
of polymorphic markers. For example, a meiotic recombination event is apparent in
region II in one sampled individual on Block 7. The remaining contigs (Supplemental Fig
3) contain significant sequence similarity suggesting that this individual is closely related
to other individuals in Block 7 with the exception of the meiotic event occurring in region
II. Similarly, a meiotic recombination event in a region (III) of a 130kb contig occurred
in one lineage that migrated from Block 2 to Blocks 1 and 3 in Mariano Melgar. The
regions shown here contain only some of the 474 meiotic recombination events
distributed across 151 contigs, with each detected meiotic recombination event spanning
from 10kb to nearly 500kb. The relative positions of each contig within the genome are
unknown. For whole genome data see Supplemental Figure 3.
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Figure 4. Inbreeding results in a decay of heterozygosity. After one generation of
inbreeding, half of the potential offspring retain the heterozygosity found in the parent
while half become homozygous. As diversity cannot be restored in homozygous regions
in the absence of outcrossing and heterozygosity decays by half each generation,
population-level heterozygosity continually declines in inbreeding populations until all
lineages are homozygous.
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Supplemental Figure 1. Length of meiotic recombination events. 474 runs of
homozygosity that range in size from 10kb to 468kb were identified. Short recombination
events are more common than long runs, however because of the short length of contigs,
long runs are less likely to be found intact than short runs.
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Supplemental Figure 2. Number of recombination events per contig. Recombination
events occur throughout the genome. Larger contigs generally have evidence of more
recombination because the recombination event criteria are more likely to be met.
Further, if crossover events occur randomly, more events are expected to occur in larger
regions.
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Supplemental Figure 3. Evidence of recombination is evident throughout the T.
cruzi genome. Character state for each of 9271 polymorphic markers across all 123 T.
cruzi isolates is shown. Each row represents a T. cruzi isolate which are grouped
geographically by district and block within districts in the same order displayed in
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Supplemental Table 1. Columns represent polymorphic markers where heterozygous loci
are represented in green, markers that are homozygous for one set of markers are
represented in yellow, and markers that are homozygous for the other set of markers are
represented in blue. All markers contain only two alleles. Black columns separate
contigs. For visualization, the genome is divided into four sections. Evidence of
recombination is exhibited throughout the genome, with telltale runs of homozygosity
present in 151 contigs.
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Supplemental Table 1. Collection locations and years for each T. cruzi sample.
Year
Sample ID

District

Block
Collected

TC126

Bustamante

1

2012

TC125

Bustamante

1

2012

TC119

Cayma

1

2011

TC122

Cayma

2

2011

TC135

Huanca

N/A

2013

TC152

Huanca

N/A

2015

TC151

Huanca

N/A

2015

TC150

Huanca

N/A

2015

TC149

Huanca

N/A

2015

TC148

Huanca

N/A

2015

TC146

Huanca

N/A

2015

TC145

Huanca

N/A

2015

TC144

Huanca

N/A

2015

TC143

Huanca

N/A

2015

TC142

Huanca

N/A

2015

TC141

Huanca

N/A

2015

TC155

La Joya

1

2015

TC147

La Joya

1

2015

TC131

La Joya

1

2013

TC130

La Joya

1

2013
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TC129

La Joya

1

2013

TC040

La Joya

1

2008

TC022

La Joya

2

2008

TC014

La Joya

3

2008

TC026

La Joya

4

2008

TC020

La Joya

4

2008

TC016

La Joya

4

2008

TC002

La Joya

4

2008

TC001

La Joya

4

2008

TC003

La Joya

5

2008

TC037

La Joya

6

2008

TC033

La Joya

6

2008

TC029

La Joya

6

2008

TC027

La Joya

6

2008

TC019

La Joya

6

2008

TC004

La Joya

6

2008

TC015

La Joya

7

2008

TC034

La Joya

8

2008

TC039

La Joya

9

2008

TC038

La Joya

9

2008

TC036

La Joya

9

2008

TC035

La Joya

9

2008

TC031

La Joya

9

2008
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TC023

La Joya

9

2008

TC115

Mariano Melgar

1

2011

TC071
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Conclusions
Summary
In Chapter One we sought to determine how life history strategies interact with
environmental and historical features to affect the ability of a population to immigrate to
and establish in a new environment. We showed that only one T. cruzi lineage established
a population in vectors in Arequipa, Peru, despite evidence of multiple immigration
events. The low probability of establishment likely resulted from (a) historical factors
including the immigration of humans to regions of the city without vectors; combined
with, (b) life history strategies such as stercorarian transmission that cause a low
transmission rate from bug to host..
In Chapter Two we aimed to determine how ecological factors affect the patterns of
population expansion and dispersal after immigration to a new environment. We showed
that T. cruzi dispersal between houses within a city block is relatively unimpeded and is
likely facilitated by its vector. Dispersal between houses on different blocks occurs
independent of the distance between blocks and is likely mediated by human activities,
possibly including the trading of infected guinea pigs.
In Chapter Three we assessed the mechanisms that generate and maintain diversity as
the population of the parasite expanded. Despite the benefits conferred by sexual
reproduction and the capacity for sexual reproduction in T. cruzi, natural populations
appear clonal. We resolved this apparent contradiction by showing that meiosis and
fertilization occurred repeatedly as the population dispersed through the city, but that
exclusive inbreeding and frequent mitosis caused a decay in heterozygosity. While most
of the genetic differences between isolates in this population were due to recombination
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and fertilization events since the common ancestor, cell division via mitosis is likely
much more frequent than meiosis, which prolonged the maintenance of heterozygosity.

Perspectives and Future Directions
Invasion dynamics across spatial scales
Our analyses show that immigration to and establishment of a novel environment is
improbable, however subsequent dispersal within the environment occurs readily. The
dynamic processes of immigration, establishment, and dispersal share many themes
across multiple spatial scales. Establishment of a new urban environment (Chapter 1) and
a new habitat within an urban environment (Chapter 2) is improbable even when
sufficiently hospitable. At two spatial scales (city and block) we attributed the low
probability of establishment to a low immigration rate to habitats that contain vectors and
a low transmission rate of T. cruzi from vector to host. Subsequent dispersal within the
habitat (both city and block) occurs readily. For example, after establishment in the city
(which likely only occurred once over ~60 years), T. cruzi readily expanded throughout
the urban environment. Similarly, establishment of a city block is improbable (most city
blocks remain uninfected), however after immigration to a block the immigrant tends to
establish a thriving population within that block (most blocks that contain one parasite
contain multiple). At both spatial scales analyzed here, invasion of a new habitat is
hindered by the parasite’s transmission rate and immigration rate.
Chagas disease risk for uninfected humans in an uninfected city is very low because
the low transmission rate (Rabinovich et al. 1990; Gürtler et al. 1998; Gürtler et al. 2007;
Llewellyn et al. 2009b; Cohen & Gürtler 2001; Nouvellet et al. 2013) causes a low
probability of colonizing an uninfected city even if it contains competent vectors and
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some immigration of T. cruzi-infected humans. If the contact rate between humans and
vectors can be further reduced, the establishment of a T. cruzi population in a city like
Arequipa may be postponed by years. The timing of invasion for the Chagas disease
system is contrasted by systems with high transmission rates where the contact rate may
need to be reduced to near-zero in order to minimize disease risk, likely requiring local
elimination of the vector. For example, the high transmission rate from mosquito to host
allowed multiple independent introductions of the Zika virus to colonize Rio de Janiero,
Brazil in 2014 (Metsky et al. 2017).
Future work should aim to determine if the patterns of invasion of cities (Chapter 1)
and city blocks (Chapter 2) can be applied to the connected urban network by comparing
the genetic diversity of urban lineages of a diverse set of species. Invasion and
colonization of any urban habitat from a sylvatic habitat may be very improbable, as seen
in urban environments throughout northern Venezuela where the dominant T. cruzi
lineage is unrelated to local sylvatic populations (Llewellyn et al. 2009). However, after
colonization of an urban environment, subsequent migration between connected urban
habitats may be relatively trivial. For example, after its introduction in Rio de Janiero,
Brazil, a single Zika virus lineage rapidly spread between urban environments across the
Americas (Faria et al. 2016). Invasion of any urban environment by a single sylvatic
lineage may propel the colonizing lineage toward a global distribution via humanmediated dispersal within the network of connected urban environments. On the other
hand, conservation efforts of non-pest species may benefit from prioritizing species that
are now exclusively found in urban environments if the global genetic diversity of the
species is low.
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I hypothesize that within-block dispersal patterns of species with similar life history
strategies to T. cruzi will tend to mimic sylvatic within-habitat dispersal patterns, but that
between-block dispersal is distance-independent and reliant on associations with humans,
even if between-habitat dispersal readily occurs in sylvatic populations. Between-habitat
dispersal in sylvatic environments often occurs in a distance-dependent manner (e.g.
steady migration of Ixodes scapularis from south to north in the northeastern US)
(Khatchikian et al. 2015), however associations with humans may provide a mechanism
for distance-independent migration between habitats. Human associations may be
particularly important in urban environments where the barriers between city blocks may
prohibit sylvatic dispersal mechanisms for many species. Of course, dispersal of species
with certain life history strategies would not be hindered by roads, nor would some
require the use of human activity to migrate long distances (e.g. birds) (Fernández-Juricic
2000; Goddard et al. 2010). On the other hand, species that cannot disperse between
blocks using sylvatic dispersal mechanisms and cannot associate with humans may
become isolated within city blocks, often leading to local extinction.
Importance of guinea pigs in T. cruzi transmission cycle
Guinea pigs are important reservoirs for T. cruzi in Peru because of the number of
bugs that feed on each animal (Herrer 1955; Cohen & Gürtler 2001; Levy et al. 2006;
Levy et al. 2008; Coffield et al. 2013; Castillo-Neyra et al. 2016). Many residents of
Arequipa own and house domestic guinea pigs (Levy et al. 2014; Levy et al. 2015). The
trading and selling of guinea pigs among residents of different localities in Arequipa
(Kim 2013) may be a primary mechanism of long-distance T. cruzi dispersal. This
hypothesis would be supported if the patterns of guinea pig trading mimic
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phylogeographic reconstructions of the T. cruzi population in Arequipa. Recently-traded
infected guinea pigs in blocks containing uninfected bugs may indicate that the local bug
population is likely to become infected.
Importance of humans in T. cruzi transmission cycle
While the importance of guinea pigs and dogs for T. cruzi transmission has been welldocumented (Herrer 1955; Córdova et al. 1969; Cohen & Gürtler 2001; Levy et al. 2006;
Levy et al. 2008; Coffield et al. 2013; Levy et al. 2014; Castillo-Neyra et al. 2016),
substantial sampling of bugs, humans, and small mammals in the same region are
required to determine the importance of humans in the T. cruzi transmission cycle. The T.
cruzi isolates from dogs (N=2) and guinea pigs (N=7) analyzed here provide additional
support that these mammals are integral to the maintenance of T. cruzi in the urban
environment because the parasites isolated from these mammals are indistinguishable
from those isolated from bugs. Thus, establishment of T. cruzi in a new block likely
involves transmission between bugs and small mammals. The absence of multiple T.
cruzi lineages within the bug and small mammal transmission cycle in Arequipa despite a
non-zero immigration rate of infected humans suggests that infected immigrant humans
are not effectively contributing the parasite to the transmission cycle. The presence of T.
cruzi lineages in the human population that are not present in the bug population would
suggest that humans are often a dead end for the parasite and possibly that establishment
probability—as opposed to rare migration— is the limiting factor in T. cruzi colonization.
However, if most infected humans harbor the same lineage isolated from vectors and
small mammals then it is likely that migration and establishment are both low and that
humans are important for establishment of the parasite.
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Since there is no entirely effective cure for chronic T. cruzi infection, local
elimination of T. cruzi requires all infected hosts to perish. Prevention of transmission
between hosts and vectors must therefore be maintained for the lifetime of the longestliving hosts: decades for humans. However, if humans are not important for T. cruzi
transmission, then effectively eliminating the parasite may be possible by maintaining the
prevention of contact between small mammals and bugs for a much shorter time. If
contact between hosts and vectors resumes while the remaining T. cruzi infection is
confined to human hosts, it may be unlikely that the parasite enters the transmission cycle
between bugs and small mammals.
Potential meiotic mechanisms and implications of outcrossing
The compelling evidence of regular sexual reproduction presented here and elsewhere
(Weatherly et al. 2016; Schwabl et al. 2018) should reinvigorate the field to elucidate the
mechanism of meiosis in T. cruzi. Prior T. cruzi research combined with an understanding
of the mechanisms of meiosis in related species allows speculation into the mechanism of
meiosis in T. cruzi. The literature contains several insights into the location, timing, and
mechanism of meiosis including: (a) Recombination in T. cruzi occurs in the mammalian
host (Gaunt et al. 2003); however T. brucei undergoes meiosis in its vector, suggesting
the possibility that T. cruzi also undergoes meiosis in its vector (Peacock et al. 2014). (b)
The potential for outcrossing in nature is shown by the hybridization of unrelated T. cruzi
lineages (Brisse et al. 1998; Brisse et al. 2003; Westenberger et al. 2005; El-Sayed et al.
2005), however the frequency of outcrossing has not been determined. (c) A lack of
evidence for outcrossing in populations that contain multiple T. cruzi lineages (Oliveira et
al. 1998; Lopez-Cancino et al. 2015; Dumonteil et al. 2018) may suggest that outcrossing
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is less frequent than inbreeding, however the potential for outcrossing is eliminated in the
population surveyed here because there is only a single, genetically similar lineage in
Arequipa.
Relatively infrequent outcrossing may be due to (i) the timing and location of meiosis
or (ii) the mechanism of meiosis. (i) Depending on the brevity of the presence of gametes
before fusion and the specificity of the location in which meiosis occurs, outcrossing may
require that multiple strains undergo meiosis simultaneously in the same location. If
ephemeral gametes are fertilized in a precise location, outcrossing may be restricted by
the timing and location of meiosis as opposed to the molecular mechanism. (ii) The
mechanism of meiosis and fertilization may prohibit outcrossing. For example, diploid
yeast cells undergo meiosis and fertilization within a protective casing which may
minimize, but not eliminate outcrossing (Guilliermond & Tanner 1920; Johnson et al.
2004; Taxis et al. 2005; Ruderfer et al. 2006; Tsai et al. 2008; Murphy & Zeyl 2010). T.
cruzi may undergo meiosis via a similar mechanism that restricts but not prohibits
outcrossing. However, it is also possible that the mechanism of meiosis in T. cruzi causes
the frequency of outcrossing to vary across populations as seen in some populations of
Plasmodium falciparum, the causative agent of malaria in humans, which undergoes
frequent meiosis and regular outcrossing (Mu et al. 2005; Neafsey et al. 2008).
The amount of outcrossing and inbreeding in T. cruzi has important medical and
evolutionary implications. Large genetic differences between T. cruzi lineages that
diverged millions of years ago cause variation in traits including host organ system
preference, virulence, and host and vector propensity (Zingales et al. 2012). Outcrossing
may allow rapid diversification of these and other traits, which may allow for adaptations
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to new environments. Outcrossing may also allow for the swapping or introgression of
drug resistance genes. If outcrossing is frequent, widespread applications of new
chemical agents may result in the emergence of drug-resistant parasites. If T. cruzi
primarily undergoes asexual reproduction coupled with periodic sexual inbreeding, as
seen in the population studied here, the introgression of drug-resistant genes will be
unlikely. In fact, this reproductive strategy allows linkage disequilibrium to persist across
large genomic regions, which may allow genome-wide association studies to be used to
map genes involved in drug-resistance and virulence (Mu et al. 2005). The population
structure resulting from outcrossing or inbreeding should be considered when performing
population genetics and evolutionary analyses, especially when testing hypotheses based
on population genetic and phylogenetic models such as phylogeographic reconstructions
based on inferred phylogenetic relationships. The applications of population structure
outlined above highlight the importance of elucidating the mechanism of meiosis and
determining the frequency of inbreeding and outcrossing in natural T. cruzi populations.
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